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1, INTRODUCTION 

The p u v o s e  of the Low Cost Turbop-mp8 Study w a s  "e ddevelv a methodoBo~  
f o r  syn thes i z ing  lawes t  ove r - a l l  c o s t  turbopumps, which me- t h a t  turbopump 
r e s u l t i n g  i n  t h e  lowest  c o s t  f o r  a  p a r t i c u l a r  mission. This  e f f o r t  is p a r t  of 
an i n c r e a s i n g l y  s o p h i s t i c a t e d  NASA approach a s  It proceeds i n t o  t h e  post-Apollo 
e r a  wherein c o s t s  a r e  r a p i d l y  emerging a s  a  d o m i n a t  f a c t o r  i n  s e l e c t i n g  and 
promulgating a l t e r n a t i v e  space goa ls .  The technology p lanners  now a r e  o r i e n t e d  
toward t h e  evolvement of a  body of knowledge a s  w e l l  a s  t e chn ica l  c a p a b i l i t y  
which w i l l  permit  t h e  a t ta inment  of meaningful goa ls  a t  t h e  lowest ove r - a l l  
c o s t s  . 

T r a d i t i o n a l l y ,  t h e  methodology has  been t o  genera te  a  number of systems,  
a l l  of  which s a t i s f i e d  t h e  s p e c i f i c  t e c h n i c a l  requirements ,  and t o  select t h e  
lowest  c o s t  system o r  component from those  generated.  I n  t h e  s u b j e c t  s t u d y ,  t he  
o b j e c t  was t o  develop a  new o r  modified methodology which would permit  s y n t h e s i s  
of t h e  lowest  ove r - a l l  cos t  system by inc lud ing  c o s t  a s  a  parameter a t  t h e  o u t s e t .  
I n  t h i s  way, c o s t s  a r e  considered a s  one of t he  elements of t he  system dur ing  
the  e a r l i e s t  apportionment of performence requirements.  Add i t i ona l ly ,  any 
methodology developed f o r  t he  turbopump p o r t i o n  of the  system o f f e r s  a  h igh  
p o t e n t i a l  f o r  a p p l i c a b i l i t y  t o  t h e  o t h e r  elemehts of the  eng ine lveh ic l e  system. 

The accomplishment of s tudy  o b j e c t i v e s  wi th in  con t r ac tua l  schedule  and 
budgetary c o n s t r a i n t s  n e c e s s i t a t e d  t h a t  t h e  scope of the  e f f o r t  be  l i m i t e d  t o  
a s i n g l e  r e p r e s e n t a t i v e  a p p l i c a t i o n ,  Consequently, t h e  fol lowing gu ide l ines  
were e s t a b l i s h e d .  

C h a r a c t e r i s t i c  Cons t ra in t  /Value 

P rope l l an t  Combination ~ 0 x 1 ~ ~ ~  

Engine Type Conventional: Bell Nozzle, Gas 
Generator ,  and Gimbal Mount 

Chamber P re s su re  12Q0 p s i a  

A l t i t u d e  JZzrust 300,OQQ l b  

Appl ica t ion  

F u e l  Turbopwr~y Base 
Configuration 

Oxid: ze r  'rarbopump 
Base Configuration 

Half-Size mUV; 500,000 1b 
Payload 

Single-Stage Cent r i fuga l  Pump, 
Wo-Stage Axial Turb ine ,  
Central-PrspeILmt-Cooled 
Beartngs 

Single-Stage Cent rLfuga l  PumpP 
Single-S tage k i a %  T ~ l r b  b e ,  
Central-Propellant-C80Xed 
Bearings 



The Nule*urpose Large Launsik V a , c l  e W L B ]  &s shL3-a r  i.n dm* to 
the Advanced Pf l i l t ipurpose  barge Launch V u c l e  mLY1 aa defined by NASA 
C o n t r a c t  NAS2-4099. The IsrZEV was sized to p r s d d e  a s ~ g 9 e - s t e ; n g e - t o ~ r B i t  
0 0 0  n a u t i e a l d l e  c i r c u l a r  earth o r b z t )  p q l o a d  of a p p a m h t e l y  500,008 I$. 
Greater payload c a p a b i l i t y  C z l p p o a c m g  2cmilllora l b ]  cmBd be acMeved  by 
u s i n g  i n j e c t i o n  s t a g e  modules m d / o r  s t rap-on s o l i d  p r o w X s i o n  s t a g e s ,  

Only t h e  c o r e  v e h i c l e  i s  u t i l i z e d  i n  t h e  m i s s i o n  s e l e c t e d  f o r  t h i s  
s t u d y ,  which is  t o  p l a c e  a p p r c u n ~ t e l y  2 0 w l l i o n  l b  s f  payload i n t o  o r b i t ,  

Recur r ing  c o s t s  are most r e a l i s t i c a l l y  expressed  i n  terms of c o s t -  
p e r - u n i t  w h i l e  t h e  maintenance of c a p a b i l i t y  c o s t s  are b e s t  denoted i n  t e r n  
of cost -per-uni t -of- t ime.  Consequently,  a program l i f e  and procurement r a t e  
were needed t o  pe rmi t  an ad jus tment  between t h e  two and p r o v i d e  a b a s i s  f o r  
c o n s i s t e n c y .  Two combinat ions  06 rate and l i f e  had t o  b e  i n v e s t i g a t e d ,  b u t  
t h e  i n d i v i d u a l  v a l u e s  were l e f t  t o  t h e  d i s c r e t i o n  of t h e  P r o j e c t  Engineer.  

The s t u d y  was d i v i d e d  i n t o  t h e  f o l l o w i n g  s p e c i f i c  c o n t r a c t u a l  t a s k s :  

Task I - R e l a t i o n s h i p  of Turbopump Design Requirements t o  
O v e r - a l l  Costs  

Task I1 - Examinations o f  Cost-Contr ibut ing Opera t ions  

Task I11 - Conceptual  Design 

11. SUMMARY 

I n t e g r a l  c o n s i d e r a t i o n s  f o r  t h e  Low Cost Turbopumps Study were the 
miss ion ,  v e h i c l e ,  e n g i n e  t r a d e - o f f s ,  d e t a i l e d  subcomponent a n a l y s e s ,  and 
subcomponent o p t i m i z a t i o n s .  The r e p r e s e n t a t i v e  d e s i g n  c a s e  s e l e c t e d  was 
a  h a l f - s i z e  v e r s i o n  o f  an Advanced Mul t ipurpose  Large Launch Vehic le  (AMCLV) 
w i t h  a  500,000 l b  pay load  c a p a b i l i t y  t o  low e a r t h  o r b i t .  The c o n t r a c t  
imposed s t u d y  c o n s t r a i n t s  of a  LOX/LH2 p r o p e l l a n t  combination and a  conven- 
t i o n a l  packaging arrangement w i t h  a  b e l l  n o z z l e ,  g a s  g e n e r a t o r ,  and gimbal 
mount. Chamber p r e s s u r e  and a l t i t u d e  t h r u s t  a l s o  were f i x e d  a t  1200 p s i a  
and 300,000 l b ,  r e s p e c t i v e l y .  Th is  r e s u l t e d  i n  t h e  f o l l o w i n g  d e s i m  charac- 
t e r i s t i c s  b e i n g  d e f i n e d  a s  those  a p p l i c a b l e  t o  t h e  b a s e  turbopump d e s i m :  

C h a r a c t e r i s  t i c  - LOX 

A P Pump P r e s s u r e  R i s e  1900 p s i  1700 p s i  

6 Pump Plow Rate 125 Ib/sec  585 Ib/st?c: 
P 

P 7'urFsfne I n l e t  Pressupe r E 

PR Turbine P re s su re  Ra t i o  



W 
T Turb ine  Floss h t e  28 l b / s e c  20 l b / s e c  

WSH Pump Net P o s i t i v e  S u c t i o n  &ad 130 f t  25 f t  

These b a s i c  requ i rements  were u s e d -  t o  g e n e r a t e  r e f e r e n c e  c a n c e p t u a l  
d e s i g n s  f o r  f u e l  and o x i d i z e r  t u r b o p m p s .  Then, t h e  o p e r a t i o n a l  c o s t s  f o r  
p roduc ing  t h e s e  turbopumps were d e t e m i n e d .  Thus, t h e  r e s u l t s  of Task I 
( R e l a t i o n s h i p  of Turbopump Design Requirements t o  Over-all Cos t s )  p rov ided  
t h e  b a s i c  d a t a  f o r  s y n t h e s i z i n g  t h e  d e s i g n  o f f e r i n g  t h e  l o w e s t  o v e r - a l l  c o s t .  
These d a t a  i n c l u d e d  c o s t  and performance i n f o r m a t i o n  i n  terms of  i d e n t i c a l  
v a r i a b l e  requ i rements  a s  w e l l  a s  turbopump performance i n f o r m a t i o n  i n  r e l a t i o n -  
s h i p  t o  v e h i c l e  and miss ion  c o s t s .  

Next,  t h e  requ i rements  were a l t e r e d .  Changes i n  t h e  cos t - c o n t r i b u t i n g  
o p e r a t i o n s  and p e r f o m a n c e  were n o t e d  a s  p a r t  o f  Task II (Examinations o f  
Changes i n  Cos t -Cont r ibu t ing  O p e r a t i o n s ) .  Cost  d a t a  s i m i l a r  t o  t h a t  of Task I 
was p rov ided  b u t  now i t  was i n  terms o f  v a r i a b l e  requ i rements  f o r  d i f f e r e n t  
t e c h n o l o g i c a l  l e v e l s  of performing t h e  s i g n i f i c a n t  (h igh  c o s t )  o p e r a t i o n s .  
These d a t a  showed a t  what l e v e l  of r equ i rements  s u b s t a n t i a l  s a v i n g s  could  be 
ach ieved  by a l t e r i n g  t h e  method of  d e s i g n i n g ,  f a b r i c a t i n g ,  o r  t e s t i n g  a  com- 
ponent of t h e  system. Fol lowing t h i s ,  t h e  changes i n  requ i rements  and p e r -  
formance were r e l a t e d  t o  t h e  miss ion  l e v e l  c o s t s .  

The methodology developed was t e s t e d  by u t i l i z i n g  t h e  s t u d y  r e s u l t s  
as a  b a s i s  f o r  f i n a l  concep tua l  d e s i g n s  a s  w e l l  a s  t h e  f o r m u l a t i o n  o f  develop- 
ment, p r o d u c t i o n ,  and accep tance  p l a n s  f o r  t h e s e  d e s i g n s ,  Task I11 (Conceptual  
Design) s e r v e d  t o  demons t ra te  t h a t  t h e  d e s i g n  methodology fo rmula ted  from 
Tasks 1 and I1 a c t u a l l y  could be  a p p l i e d  t o  a  r e a l i s t i c  program w h i l e  r e s u l t -  ' 

i n g  i n  a  turbopump c o s t  s a v i n g s  r e a c h i n g  a s  h i g h  a s  3% o r  10-mi l l ion  d o l l a r s  
f o r  a  37-mil l ion pound-to-orbit  program. However, when t h e  s e n s i t i v i t y  of 
o v e r - a l l  program c o s t s  t o  pe r fo rmmce  is  cons idered ,  t h e s e  s a v i n g s  a r e  n u l l i -  
f i e d  and t h e  p o t e n t i a l  f o r  i n c r e a s e d  c o s t s  a c t u a l l y  e x i s t s .  

Consequently,  t h e  overwhelming c o n c l u s i o n  from t h i s  s t u d y  is  t h a t  t h e  
r e l a x a t i o n  of requ i rements  t o  reduce turbopump c o s t s  i s  n o t  a f r u i t f u l  way t o  
d e c r e a s e  program c o s t s .  I n  e f f e c t ,  t h e  p o t e n t i a l  e x i s t s  f o r  r educ ing  tu rbo-  
pump p r o g u m  c o s t s  by a s  much a s  40% ( o r  200-mill ion d o l l a r s )  through t h e  
a p p r o p r i a t e  t i g h t e n i n g  of d e s i g n  requ i rements  t o  a  degree  t h a t  would p e m i t  
t he  e l i m i n a t i o n  o f  acceptclince t e s t  o p e r a t i o n s .  A d d i t i o n a l l y ,  l a r g e  o v e r - a l l  
program c o s t  r e d u c t i o n s  could  be  acerued through t h i s  approach because of t h e  
c o s t  s e n s i t i v i t y  t o  eng ine  p e r f o m a n c e  (I This  can b e s t  b e  v i s u a l i z e d  
from the f o l l o w i n g  q u a l i t a t i v e  curves: SP 



Low High 
(Loose) Turbopump Requirement ( T i g h t )  

(To le rance ,  C o n c e n t r i c i t y ,  S u r f a c e  F i n i s h ,  e t c . )  

I n  t h e  above curve ,  t h e  g e n e r a l  t r e n d  t h a t  t h e  e f f e c t  of t u r b o p u q  
requ i rements  has  upon t h e  c o s t  of t h e  turbopump components is i l l u s t r a t e d .  
Most exper ienced  e n g i n e e r i n g  p e r s o n n e l  w i l l  s e l e c t  a  requirement  t h a t  f a l l s  
n e a r  t h e  "knee" o f  t h e  curve  even when d a t a  i s  u n a v a i l a b l e .  

a, 
High 

--. CJ 

Turbopump Requirement 

I t  can be  s e e n  f rom t h i s  second curve  t h a t  turbopump performance i s  
r a t h e r  g r a d u a l l y  a f f e c t e d  by r e q u i r e m a t s  i n  t h e  reasonab ly  a t t a i n a b l e  range .  

When t h e  above two t r e n d s  a r e  combined and superimposed,  t h e  fo l lowing  
curve  i s  evolved: 



High 

Low Nom High 

r o g r m  Cost A t t r i -  
bu t ab l e  t o  Turbopump 

o s t  

Program Cost A t t r i -  
u t a b l e  t o  Engine 

Per fomance  

Turbopump Requirement 

Note t h a t  a broad optimum r e s u l t s  i n  terms of turbopump requirements.  
I n  h i g h l y  pe r fomance  s e n s i t i v e  v e h i c l e s  ( i . e . ,  e x i s t i n g  Space S h u t t l e  concepts ) ,  
t h e  t o t a l  program curve could become s t e e p e r  than t h a t  f o r  t h e  h igh ly  p e r f o  
s e n s i t i v e ,  s ing le -s tage  t o  o r b i t  KLLV. This would tend t o  d r i v e  t he  c o s t  op- 
timum tu rbopmp taward even more r i g i d  requirennents, 

A. RESULTS 

There a r e  seven major c a t e g o r i e s  of cos t - con t r ibu t ing  opera- 
t i o n s  a s s o c i a t e d  wi th  a turbopump du r ing  i t s  usable  l i f e .  These c a t e g o r i e s ,  
which main ta in  s t r i c t  s e p a r a t i o n  between t h e  development and product ion 
phases ,  a r e  a s  fol lows:  

- Development B e s i p  Operat ions 

- fievelopment Fab r i ca t  ion  Operat i o n s  

- Development Tes t  Operat ions 

- Product ion Design Operat ions 

- Product ion Fab r i ca t i on  Operat ions 

- Product ion Tes t  Operat ions 

- Product ion F i e l d  M a i n t e n a c e  Operat ions 

Each o f  these broad c a t e g o r i e s  consists s f  many d e t a i l e d  
ope ra t ions  and these f i n e r  b reakdsms  are aeeowpbiakaed %to the I.eve1 a p p r o p r i a t e  
f o r  ca lcu la t ing  the  costs  o f  concern, 



Ul turbopump des ign  requirements  f a l l  i n t o  t h e  t h r e e  
c a t e g o r i e s  of p e r f o m a n c e ,  o p e r a t i o n a l ,  a18 mechmical, However, a l l  r e q u i r e -  
ments must u l t i m a t e l y  b e  reduced t o  t h e  t u r b o p u p  p a r t  l e v e l  b e f o r e  a  q u a n t i -  
t a t i v e  assessment  of t h e i r  i n f l u e n c e  upon c o s t s  can b e  accomplished.  

V a r i a t i o n s  i n  t h e  c a t e g o r i z e d  requ i rements  and c o s t -  
c o n t r i b u t i n g  o p e r a t i o n s  were i n v e s t i g a t e d  i n  g r e a t  d e t a i l ,  The r e l a t i o n s h i p s  
i n v a r i a b l y  showed t h a t  a s  t h e  requirement  became more s t r i n g e n t ,  a  h i g h e r  
t e c h n o l o g i c a l  l e v e l  s f  o p e r a t i o n s  was needed t o  s u s t a i n  i t .  T h i s  is n o t  meant 
t o  imply t h a t  t h e  h i g h e s t  o v e r - a l l  c o s t  n e c e s s a r i l y  r e s u l t s  from s t r i n g e n t  
r e q u i r e m e n t s ,  r a t h e r  i t  i s  on ly  t h e  c o s t  of t h e  a f f e c t e d  o p e r a t i o n s  which 
i n c r e a s e s .  

Because of t h e i r  r e l a t i v e  importance ( i n  t e r n s  of pe rcen tage  
of program c o s t s ) ,  t h e  most a t t r a c t i v e  a r e a  f o r  u t i l i z i n g  a l t e r n a t i v e  methods 
of p e r f o m i n g  c o s t - c o n t r i b u t i n g  o p e r a t i o n s  i s  t h e  p roduc t ion  phase a s  w e l l  a s  
t h e  f a b r i c a t i o n  and t e s t  o p e r a t i o n s .  I n  t h e  r e f e r e n c e d  MLLV program, t h e s e  
c o n t r i b u t e  i n  e x c e s s  of 82% of t h e  turbopump program c o s t s ,  

Many a l t e r n a t i v e  methods f o r  p e r f o m i n g  f a b r i c a t i o n  opera- 
t i o n s  were i n v e s t i g a t e d .  Two such examples of a l t e r n a t i v e s  a r e  s a n d b l a s t i n g  
i n s t e a d  of hand-po l i sh ing  machined o r  c a s t  i m p e l l e r s  t o  o b t a i n  t h e  necessa ry  
s u r f a c e  f i n i s h  and t h e  c a s t i n g  i n s t e a d  of ful ly-niachining pump d i f f u s e r  vanes  
t o  o b t a i n  t h e  r e q u i r e d  vane p r o f i l e s .  S u b s t a n t i a l  c o s t  s a v i n g s  i n  f a b r i c a t i o n  
can be  r e a l i z e d  by u s i n g  such a l t e r n a t i v e s  where t h e  a p p r o p r i a t e  technology 
i s  g e n e r a l l y  a v a i l a b l e ,  However, i n  each i n s t a n c e ,  i t  i s  necessa ry  t o  e v a l u a t e  
t h e  p e r f o m a n c e  (hence,  o v e r - a l l  c o s t )  e f f e c t  t h a t  w i l l  r e s u l t  from r e l a x i n g  
t h e  p e r t i n e n t  r equ i rements .  A d d i t i o n a l l y ,  t h e  optimum method among a v a i l a b l e  
a l t e r n a t i v e s  must b e  s e l e c t e d ,  

No r e a s o n a b l e  a l t e r n a t i v e  methods f o r  p e r f o m i n g  t h e  turbo-  
pump t e s t  o p e r a t i o n s  a r e  a p p a r e n t ,  However, i f  t h e  eng ine  b a l a n c e  requirement  
can b e  r e l a x e d  o r  i f  turbopump performance r e p e a t a b i l i t y  can b e  improved, 
t h e r e  is  a p o s s i b i l i t y  t h a t  the  p roduc t ion  phase  t e s t i n g  could  be e l i m i n a t e d .  
Such an approach would r e q u i r e  exper imenta l  v e r i f i c a t i o n  t o  v a l i d a t e  i t s  
f e a s i b i l i t y ,  A program of t h i s  t y p e  i s  s t r o n g l y  recomended, It would be  
conducted i n  t h e  f o l l o w i n g  seguenee: 

St - : Selece an act ive  engine production program wherein  the engine balance 
~equl iernenLs &re knocfn, 



:: U t i l i z i n g  "she appropriate e f f e c t s  data (i,e,, E f f e c t  s f  Impeller 
Discharge Blade Height 1a;pan P m p  Pesfommce) f o r  the s e l e c t e d  pr6grm, revise 
t he  turbomachinery mechmica l  design requirements t o  o b t a i n  t h e  necessary  
pe r fomance  r e p e a t a b i l i t y .  

: Adjust t h e  turbomachinery f a b r i c a t i o n  drawing p e r  S tep  2 .  

: Fabr i ca t e  a reasonable s m p l e  ( i . e . ,  10)  of p a r t s  i n  accordance wi th  
the  r ev i sed  drawing. 

: Tes t  t h e  sample turbopumps i n  t h e  usua l  manner t o  v e r i f y  t h a t  t h e  
t h e o r e t i c a l  performance r e p e a t a b i l i t y  has  been achieved. 

: U t i l i z e  t h e  sample turbopumps i n  t h e  s e l e c t e d  product ion program. 

The c o s t s  involved i n  t h e  above recommended p r o g r m  a r e  those 
a s soc i a t ed  with engineering t o  accomplish Steps 2 and 3 a s  we l l  as those 
involved wi th  eva lua t ing  t h e  r e s u l t s  of Step 5 and t h e  inc rease  i n  f a b r i c a t i o n  
c o s t s  t o  produce the  sample machines aga ins t  more s t r i n g e n t  requirements ,  

5. 
and Cost 

The r e l a t i o n s h i p  between requirements and c o s t  was defined 
i n  r i go rous  d e t a i l  a t  t h e  turbopump l e v e l  i n  terms of manlmachine hours  and 
prime ( s u p p l i e r  charged) d o l l a r s .  A grosse r  d e f i n i t i o n  was evolved f o r  
s e v e r a l  composite turbopump l e v e l  a l t e r n a t i v e s  i n  terms of program d o l l a r s  
apply ing  a sample overhead s t r u c t u r e ,  

6. 
C r i t e r i a  

Turbopump design requirements were made optimum f o r  t h e  
r e f e rence  MLLV case.  

A b r i e f  op t imiza t ion  s tudy was accomplished us ing  the  r e f e r -  
ence ( con t r ac t  s p e c i f i e d )  performance requirements.  This  r e s u l t e d  i n  t h e  
se lec t ion  of t h e  b a s i c  mechanical con f igu ra t ions  and the  accomplishment of 
L i m i t e d  conceptual  design,  Deta i led  opt imiza t ions  and mechanical des igns  were 
n o t  accomplished. The associated development, produet%on, and acceptance 
p lans  a l so  w e r e  generated, 



B . CONCLUSIONS 

The most s i g n i f i c a n ~  conc lus ions  and i r ~ ~ p l i c a r i u n s  which b e c m e  
a p p a r e n t  d u r i n g  t h e  c o u r s e  s f  t h e  p r o g r m  a s  well as f rom t h e  r e s u l t s  of t h e  
s t u d y  a r e  s u m a r i z e d  a s  fo l lows .  

G e n e r a l l y ,  t h e  i n f l u e n c e  o f  d e s i g n  requirements  upon t h e  c o s t  
of o p e r a t i o n s  i s  a p p a r e n t  a t  t h e  p a r t  o r  f e a t u r e  l e v e l  on ly .  

I n  terms o f  o v e r - a l l  program c o s t ,  t h e  r e l a t i v e  importance of 
any c a t e g o r y  of o p e r a t i o n s  p e r f ~ r m e d  i n  a s s o c i a t i o n  w i t h  t h e  turbopump is v e r y  
s t r o n g l y  i n f l u e n c e d  by t h e  s i z e  of t h e  p r o d u c t i o n  program assumed. Any reason-  
a b l y  h i g h  p r o d u c t i o n  program (where d e l i v e r e d  u n i t s  exceed r e s e a r c h  u n i t s  by 
a t  l e a s t  one o r d e f  of magnitude) c o s t s  are of a  n a t u r e  t h a t  i n d i v i d u a l  c o s t s  
( exc lud ing  p r o d u c t i o n ,  phase  f a b r i c a t i o n ,  and test o p e r a t i o n  c o s t s )  probably  
a r e  lower t h a n  t h e  e s t i m a t i n g  t o l e r a n c e  f o r  t h e  p r o d u c t i o n ,  f a b r i c a t i o n ,  and 
t e s t  c o s t s .  C l e a r l y ,  t h e  e l i m i n a t i o n  of a l l  development phase c o s t s  from t h e  
r e f e r e n c e  program would r e s u l t  i n  l e s s  t h a n  a 5% r e d u c t i o n  i n  t h e  turbopump 
program c o s t s  and an  a lmost  i n d i s c e r n i b l e  d e c r e a s e  i n  o v e r - a l l  program c o s t s .  

A l a c k  of v i s i b i l i t y  o f  c o s t s  f o r  i n d i v i d u a l  o p e r a t i o n s  i n  
any s i z e  program a t  t h e  l e v e l  where t h e y  a r e  i n f l u e n c e d  by t h e  requ i rements  i s  
a p p a r e n t  a l t h o u g h  as i n d i v i d u a l  o p e r a t i o n s  t h e y  rnight c o n s t i t u t e  a  h igh  pro- 
p o r t i o n  of t h e  component c o s t s .  

Based upon t h e  c o n c l u s i o n s  d e t a i l e d ,  t h e  s y n t h e s i s  of o p t i m a l  
turbopump requ i rements  and d e s i g n  c r i t e r i a  from i n d i v i d u a l  requirements  v e r s u s  
c o s t  s f  o p e r a t i o n s  d a t a  is b o t h  i m p e r a t i v e  t o  low o v e r - a l l  c o s t  and s o  unwieldy 
t h a t  i t  becomes v i r t u a l l y  imposs ib le  because  of t h e  a lmost  i n f i n i t e  number of 
mic roscop ic  e f f e c t s  t o  b e  cons idered .  

The r e s u l t s  of t h i s  s t u d y  i n d i c a t e  t h a t  c o s t s  should  n o t  be 
at tacked a t  the i n d i v i d u a l  requirement  and o p e r a t i o n  l e v e l  i n  an e f f o r t  t o  
reduce t h e  cos t  of o p e r a t i o n s ,  I n s t e a d ,  it i s  reconmended t h a t  c o s t s  be 
at tacked a t  t h e  major o p e r a t i o n s  c a t e g o r y  l e v e l  wlth the o b j e c t i v e  of e l i rn i -  
nating t h e  e n t i r e  c a t e g o r y ,  I n  keeping with t h i s  ph i losophy  and based upon 
the results of Tasks 1 and 11, it, is furthee recornended t h a t  methods be 
Irtvestigated to eliiniindttr! j i rodurt iori  phase tim-rbupurnp acceptance t~stlwg. 



The requi-rersaent to p e r f o m  turbopmp acceptace tests r e s u l t s  from 
t h e  des5re t o  make a mechanical check sf  the turbopmp f u n c t i o n d  c a p a b i l i t y  
as w e l l  as t o  obtain calibration o r  ba1m~e data f o r  subsequent engine check- 
out  and c a l i b r a t i o n  t e s t i n g .  Actua l ly ,  a t  t h e  r e P i a b i P i t y  l e v e l s  of cu r r en t  
rocke t  engine turbomachinery, t h e  only func t ion  served by t h e  turbopump 
acceptance t e s t  is  t o  provide engine b a l m c e  da t a .  Therefore,  i f  turbopump 
performance r e p e a t a b i l i t y  (from u n i t  t o  u n i t )  can be achieved wi th in  t h e  engine 
ba lance  requirements ,  t h e  turbopump acceptance t e s t s  can b e  e l imina ted  wi th  
t h e  engine c a l i b r a t i o n  t e s t  s e rv ing  as t h e  turbopmp func t iona l  and performance 
c a l i b r a t i o n  checkout. 

It i s  recognized t h a t  t o  accomplish what i s  recomended r equ i r e s  
some technologica l  development s o  a s  t o  ob ta in  t h e  needed performance repeat-  
a b i l i t y .  However, much s f  t he  requi red  technology is  a v a i l a b l e  from t h i s  
Low Cost Turbopump Study. The c o s t  of s u s t a i n i n g  ind iv idua l  p a r t  l e v e l  
mechanical design requirements i s  known as we l l  a s  t h e i r  i n f luence  upon per- 
fomance .  Therefore,  t h e  only d a t a  requi red  f o r  p e r f o m i n g  t h e  necessary 
t rade-off  is  the  r e l a t i o n s h i p  between p a r t  l e v e l  mechanical design requi re -  
ments and performance r e p e a t a b i l i t y  as such. This  ex tens ion  i n  t h e  d a t a  pro- 
vided h e r e i n ,  along with experimental  v e r i f i c a t i o n  of t he  r e s u l t s ,  would con- 
s t i t u t e  a r e l a t i v e l y  s t ra ight forward  technology development program which 
could provide major reduct ions  (up t o  40%) of turbopump c o s t s  i n  f u t u r e  
programs. 



ZV, -- S Y OF TECmICBT, DISCUSSION - - 

A, TASK 1 = ELATIONSHIP OF TURI%(SPrm DESIGN REQUI 
COSTS 

Task I was d i v i d e d  i n t o  f o u r  s u b t a s k s .  F i r s t l y ,  t h e  c o s t -  
c o n t r i b u t i n g  o p e r a t i o n s  were i d e n t i f i e d  and c a t e g o r i z e d ,  Th is  was n e x t  accom- 
p l i s h e d  f o r  t h e  d e s i g n  requ i rements .  Then, t h e  r e l a t i o n s h i p  of v a r i a t i o n s  in 
d e s i g n  requ i rements  t o  c o s t - c o n t r i b u t i n g  o p e r a t i o n s ,  turbopump/vehicle c o s t s ,  
and o v e r - a l l  c o s t s  was a s c e r t a i n e d .  F i n a l l y ,  a  s y n t h e s i s  of d e s i g n  r e q u i r e -  
ments was completed t o  y i e l d  minimum o v e r - a l l  c o s t s .  

It was e s s e n t i a l  t h a t  a  r e a l i s t i c  concep tua l  d e s i g n  b e  u t i l -  
i z e d  a s  t h e  b a s i s  f o r  s e l e c t i n g  t h e  a p p r o p r i a t e  o p e r a t i o n s  and requ i rements .  
However, budge ta ry  and s c h e d u l a r  l i m i t a t i o n s  s e v e r e l y  r e s t r i c t e d  t h e  e f f o r t  
and b a s e  d e s i g n s  were g e n e r a t e d  a t  on ly  one t h r u s t  l e v e l ,  300,000 l b .  Conse- 
q u e n t l y ,  t h e  c o n f i g u r a t i o n s  s e l e c t e d  ( s e e  F i g u r e s  No. 1 and No. 2) a s  t h e  
b a s e s  f o r  t h e  Task I e f f o r t  a r e  non-optimum and r e s u l t  from a morphological  
e v a l u a t i o n  a s  w e l l  as t h e  n e c e s s a r y  p r e l i m i n a r y  c a l c u l a t i o n s .  The s p e c i f i c  
requ i rements  f o r  t h e s e  b a s e  c a s e  turbopump d e s i g n s  a r e  l i s t e d  on Tab le  1 w h i l e  
t h e  p e r t i n e n t  c h a r a c t e r i s t i c  dimensions g e n e r a t e d  f o r  b o t h  c a s e s  a r e  l i s t e d  on 
Tab le  11. 

The c o s t - c o n t r i b u t i n g  o p e r a t i o n s  then were i d e n t i f i e d  and 
c a t e g o r i z e d  i n  a  number of v a r i a t i o n s .  These were l a r g e l y  based upon t h e  com- 
mona l i ty  o f  t h e  same requ i rements  v a r i a t i o n s  a f f e c t i n g  t h e  c o s t  of b o t h  d e s i g n  
o p e r a t i o n s ,  p r i m a r i l y  a t  t h e  f u n c t i o n a l  assembly l e v e l  ( i . e . ,  pump, t u r b i n e ,  
o r  power t r a n s m i s s i o n ) ,  and f a b r i c a t i o n  o p e r a t i o n s  a t  t h e  subcomponent l e v e l  
( i . e . ,  i m p e l l e r  and pump v o l u t e ) .  

The g e n e r a l  c a t e g o r i z e d  l i s t i n g  evolved r e v e a l e d  a  s i g n i f i -  
c a n t  weakness i n  t h e  o r i g i n a l  program. Each of t h e  o p e r a t i o n s  c o s t s  could  b e  
e x p l i c i t l y  d e s c r i b e d  and q u a n t i f i e d  i n  terns of man and machine h o u r s  based 
upon t h e  p a r t i c u l a r  s e t  of d e t a i l e d  requ i rements  assumed f o r  t h e  b a s e  c a s e  
d e s i g n s ,  b u t  t h i s  would r e s u l t  i n  s i n g l e  p o i n t  d a t a  n o t  u s e f u l  by i t s e l f  i n  
performing o p t i m i z a t i o n s  o r  t r ade-of f  s t u d i e s .  Determinat ion of t h e  r e l a t i o n -  
s h i p  between v a r i a t i o n s  i n  requ i rements  and c o s t - c o n t r i b u t i n g  o p e r a t i o n s  
r e q u i r e d  t h a t  t h e  o p e r a t i o n s  c o s t s  be  q u a n t i f i e d  over  a  range of requ i rements .  
I d e n t i c a l  t e c h n i q u e s  and manpower would be  used f o r  q u a n t i f y i n g  t h e  b a s e  c a s e  
o p e r a t i o n s  c o s t s  and a l t e r n a t i v e  requ i rements  o p e r a t i o n s  c o s t s ,  b u t  t h e  o r i g i -  
nal. p l a n  n e c e s s i t a t e d  a redundant performance,  T h i s  would have r e s u l t e d  i n  
accomplishing t h e  same e f f o r t .  twice  a s  w e b 1  as %we separate t a b u l a t i o n s  of t h e  
d a t a ,  T h e r e f o r e ,  q u a n t i f i c a t i o n  of t h e  b a s e  c a s e  o p e r a t i o n s  c o s t s  was 
de fe r r ed  u r r t i l  q u a n t i f i e d  ranges of d e s i g n  requ i rements  became a v a i l a b l e ,  
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%&&E 1. - BASE CASE E f a % i k  

P a r a m e t e r  

A p p l i c a t i o n  

S t a r t u p  

3 u t y  C y c l e  

R e l i a b i l i t y  

' I h r u s r  T o l e r a n c e  

Chamber  P r e s s u r e  

Chamber  P r e s s u r e  T o l e r a n c e  

' > p e c i f  i c  I m p u l s e  

n e c i f i c  I m p u l s e  T o l e r a n c e  I -,, 

1 ' ' l z t u r e  R a t i o  
i 

1 : i i x l u r e  R a t i o  T o l e r a n c e  

/ ".imp P r e s s ~ l r e  R i s e  ' 

Pump P r e s s u r e  R i s e  T o l e r a n c e  

Pump F l o w  R a t e  

lump F low R a t e  T o l e r a n c e  

XPSH 

Nt'SH T o l e r a n c e  

F i ~ r b i n e  I n l e t  P r e s s u r e  

T u r b i n e  P r e s s u r e  R a t i o  T o l e r a n c e  

T u r b i n e  P r e s s u r e  R a t i o  T o l e r a n c e  

T u r b i n e  F low R a t e  

T u r b i n e  F low R a t e  T o l e r a n c e  

T u r b i n e  I n l e t  T e m p e r a t u r e  

T u r b i n e  I n l e t  T e m p e r a t u r e  T o l e r a n c e  

S t a t i c  S e a l  L e a k a g e  

I u j n e m i c  S e a l  1 , eakage  

I -------"----A - -~ - - 
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Design requirements a t  t h e  v e h i c l e ,  engine,  m d  t u r b o p ~  
l e v e l s  g e n e r a l l y  can be segregated i n t o  t h e  two broad ca t egor i e s  of pe r fo r -  
mance requirements  and opera t iona l /mechmica l  requirements.  A t  t h e  subcompo- 
nen t  o r  p a r t  l e v e l ,  where the  design requirements ciln be manipulated t o  a f f e c t  
des ign ,  f a b r i c a t i o n ,  and t e s t  opera t ions  c o s t s ,  v i r t u a l l y  a l l  design requi re -  
ments must u l t i m a t e l y  be mechanical o r  dimensional even though they can stem 
from performance requirements.  Early r ecogn i t i on  of t h i s  l e d  t o  t he  r e a l i z a -  
t i o n  t h a t  v e h i c l e ,  engine,  and t u r b o p u p  l e v e l  v a r i a t i o n s  i n  design requi re -  
ments would r e s u l t  i n  an overwhelming number of subcomponent a l t e r n a t i v e s  
because of t h e  many poss ib l e  ways of meeting a given set of t h e  h igher  o rde r  
design requirements.  Therefore,  i t  was decided t o  s e l e c t  only a base case  set 
of v e h i c l e ,  engine ,  and turbopump requirements from which t o  genera te  base 
case turbopump subcomponent requirements.  Var i a t ions  i n  subcomponent des ign  
requirements then could be s e l e c t e d  and t h e i r  impact upon both performance and 
cos t  parameters  assessed.  Next, t he  e f f e c t s  of t he  subcomponent requirements 
changes could be  i t e r a t e d  a t  t h a t  l e v e l  t o  syn thes i ze  r e a l i s t i c  designs and an 
optimum s e t  of turbopump l e v e l  design requirements.  

a.  Cost Versus Design Requirements 

This  aspec t  of t he  s tudy included cons idera t ion  of a l l  
phases of development (design,  f a b r i c a t i o n ,  and t e s t i n g )  a s  w e l l  a s  product ion  
(des ign ,  f a b r i c a t i o n ,  t e s t i n g ,  and f i e l d  maintenance). 

Three major segments of i n f o m a t i o n  were needed t o  r e l a t e  
design requirement v a r i a t i o n s  t o  over -a l l  cos t s .  These were t o  a s c e r t a i n  how 
design requirements inf luenced both component cos t s  and component performance 
and t h i r d l y ,  how component performance inf luenced over-al l  c o s t s  . 

Information concerning how design requirements i n f luence  
component c o s t s  and performance was generated a s  p a r t  of t h i s  s tudy program. 
The in f luence  of component performance upon over -a l l  c o s t s  was e x t r a c t e d  from 
e x i s t i n g  d a t a  developed by t h e  Boeing Company under Contract NAS 2-5056. 

(1) Development Phase 

The i n i t i a l  d a t a  developed was t h a t  f o r  cos t  versus  
design requirements.  I n  doing t h i s ,  i t  was recognized t h a t  a s i d e  from r e l i a -  
b i l i t y  and schedule  requirements t h e  c a s t  s f  d e s i w  opera t ions  i s  r e l a t i v e l y  
unaf fec ted  by design requirements,  Add i t i ona l ly ,  no reasonable a l t e r n a t i v e s  
t o  t h e  ex i s t ing  de s ign  methodology have presented t h e m e l v e s  which w i l l  s a t i s f y  
t h e  mechanical r e l i a b i l i t y  levels now needed t o  assure t h a t  e s s e n t i a l l y  no 
F l i g h t  or mm%ssion f a i l u r e  can BCCUI drlring the  life o f  the  p r o g r m ,  It i s  
~Lrnply no t  p o s s i b l e  t o  a t t a i n  and demonstrate %he requi red  engine r e l i a b i l i t y  



by a t e s t - f a i l - f i x  des ign/development  phi losophy w i t h i n  a reasonab le  (10 y e a r s  
o r  l e s s )  schedu le .  The i m p l i c i t  series f low of such a program, a long  w i t h  t h e  
k n o m  l e a d  t imes  f o r  t u r b o p u q  major sub~o'iilponentfi nakes  i t  p h y s i c a l l y  impos- 
s i b l e  t o  test  even two a l t e r n a t i v e  subcomponents t o  f a i l u r e  w i t h i n  t h e  schedu- 
l a r  r e s t r a i n t  . 

F a i l u r e  mode a n a l y s e s  were performed f o r  t h e  b a s e  
c a s e  f u e l  and o x i d i z e r  turbopumps t o  a s c e r t a i n  a p p r o p r i a t e  mean-time-to-failure 
f o r  subcomponents. The r e s u l t s  o b t a i n e d  were compared w i t h  h i s t o r i c a l  T i t a n  
d a t a  u s i n g  t h e  n e c e s s a r y  s c a l e  f a c t o r s  and good agreement was demonstra ted,  

Only s c h e d u l a r  requ i rements  v a r i a t i o n s  were r e l a t e d  
t o  t h e  c o s t  of performing d e s i g n  o p e r a t i o n s  because  NASA i n t e r e s t  does n o t  
extend t o  t o t a l l y  redundant  and expendib le  weapons sys tems.  Also,  c u r r e n t  
s p a c e  g o a l s  r e q u i r e  t h a t  a l l  d e s i g n  t echn iques  b e  u t i l i z e d  i n  c o n j u n c t i o n  w i t h  
one a n o t h e r  r a t h e r  t h a n  s e l e c t i n g  one which appears  t o  o f f e r  t h e  lowes t  c o s t  
of e x e c u t i n g  t h e  d e s i g n  a t  a p o s s i b l y  lower turbopump r e l i a b i l i t y .  The schedu- 
l a r  v a r i a t i o n s  i n v e s t i g a t e d  i n c l u d e d  t h e  c u r r e n t l y  used " s e m i p a r a l l e l "  d e s i g n  
and development e f f o r t  as w e l l  a s  a proposed " f u l l  s e r i e s "  approach.  The over- 
a l l  s c h e d u l a r  impact of t h e s e  v a r i a t i o n s  upon t h e  b a s e  c a s e  and a l t e r n a t i v e  
program s c h e d u l e s  was main ta ined .  

B r i e f l y ,  i n  t h e  " f u l l  s e r i e s "  program, t h e  f o l l o w i n g  
s i x  s u b c a t e g o r i e s  make up t h e  d e s i g n  t a s k  and each must b e  accomplished e i t h e r  
d u r i n g  t h e  p roposa l  e f f o r t  o r  i n  t h e  c o n t r a c t u a l  program, 

: Recognized e x i s t i n g  technology d e s i g n  l i m i t s  a r e  e s t a b l i s h e d  
f o r  pumps, s e a l s ,  t u r b i n e s ,  b e a r i n g s ,  and s t r u c t u r a l  m a t e r i a l s .  

: P a r a m e t r i c  a n a l y s i s  of i n d i v i d u a l  subcomponent c h a r a c t e r i s t i c s  
i s  made based  upon t h e  d e s i g n  l i m i t s  e s t a b l i s h e d .  

: Design p o i n t  i s  s e l e c t e d  based upon a combination of t h e  pa ra -  
m e t r i c  a n a l y s i s  and t h e  c o s t - c o n t r i b u t i n g  o p e r a t i o n s .  Th i s  
g i v e s  s p e c i f i c a t i o n s  f o r  turbopump, e n g i n e ,  and v e h i c l e  p e r f o r -  
mance l e v e l s  and t o l e r a n c e s .  

: Conceptual  and f i n a l  d e s i g n  l a y o u t s  a long  w i t h  s u p p o r t i n g  
s t r e s s  and performance c a l c u l a t i o n s .  

: D e t a i l e d  d r a f t i n g  (turbopump). 

: Subcomponent test a r t i c l e  d e s i g n  and turbopump development 
f a b r i c a t i o n  r e l e a s e ,  

Although t h e  above s u b c a t e g o r i e s  i n  themselves a r e  
sinzilar to those of t h e  "standard" desigsl phase ,  they are accomplished sequen- 
t i a l l y  and to a different degree of eompletton, A c t u a l l y ,  the  only schedu le  
changes at"cP-iberttab?e t o  t h e  ""f~I.3. aeries" approach occur- in tile developm~nt 



phase  o p e r a t t o n s  and r e s u l t  in an apparent delay sf  t h e  tu-f-bopmp qua%$fica- 
t i o n  p r o g r m  of appro-Amately three t o  s i x  months, Hwever, t h e  d e s i g n  cos ts  
r e v e a l  t h a t  t h e  'Tul3. series" approachof fe r s  a p o t e n t i a l  d e s i m  cost  s m i n g  
o f  8.7% or $340,006 f o r  t h e  r e f e r e n c e  p r o g r m  d e s i ~  phase  c o s t s ,  nese sav- 
i n g s  are probably  c o n s e r v a t i v e  f o r  a n  a c t u a l  p r o g r m  because  o f  t h e  g r e a t l y  
reduced l i k e l i h o o d  of  c o m i t t i n g  d e s i w  e r r o r s ,  e s p e c i a l l y  i n  t h e  d e t a i l  d r a f t -  
i n g  o p e r a t i o n s .  

Development f a b r i c a t i o n  o p e r a t i o n s  c o s t s  a r e  s t r o n g l y  
dependent  upon d e s i g n  requ i rements  a t  t h e  p a r t  o r  subcomponent l e v e l .  The 
methodology fol lowed i n  g e n e r a t i n g  t h e  d a t a  used i n  r e l a t i n g  t h e s e  c o s t s  t o  t h e  
requ i rements  was t o  f u r n i s h  c o n c e p t u a l  s k e t c h e s ,  similar s k e t c h e s  p repared  f o r  
h i g h e r  and lower NPSH r e q u i r e m e n t s ,  t h e  b a s e  c a s e  and a l t e r n a t i v e  p a r t  l e v e l  
mechanical  r equ i rements  l i s t i n g ,  and a c t u a l  p a r t  f a b r i c a t i o n  drawings of repre -  
s e n t a t i v e  components s e l e c t e d  from t h e  T i t a n ,  NERVA, and M - l  programs t o  s e v e r a l  
t y p i c a l  ae rospace  and commercial subcomponent f a b r i c a t o r s ,  i n c l u d i n g  Aero je t -  
G e n e r a l ' s  own shops ,  Cost  estimates and manufactur ing p l a n s  were  r e q u e s t e d  a t  
t h e  c o s t - c o n t r i b u t i n g  o p e r a t i o n  l e v e l  f o r  v i r t u a l l y  a l l  turbopump subcomponents. 
A l l  c o s t s  were  r e q u e s t e d  i n  terms of b o t h  manhours and d o l l a r s  f o r  p r o d u c t i o n  
q u a n t i t i e s  of one ( p i l o t  model) ,  10 ( t y p i c a l  R&D o r d e r ) ,  40 ( i n i t i a l  p r o d u c t i o n  
q u a n t i t y ) ,  and more t h a n  40 (p roduc t ion  r u n s ) .  

ldhi le  t h e  response  t o  t h e  r e q u e s t s  f o r  c o s t  informa- 
t i o n  was g e n e r a l l y  q u i t e  good, t h e r e  were  s e v e r a l  n o t a b l e  excep t ions .  A l l  of 
t h e  c o m e r c i a l  pump manufac tu re r s  c o n t a c t e d  d e c l i n e d  t o  q u o t e  a n y t h i n g  o t h e r  
t h a n  o v e r - a l l  c o s t s  of producing t h e  assembly,  implying t h a t  t h e i r  p r o d u c t i o n  
methods are p r o p r i e t a r y  i n f o m a t i o n ,  Also ,  s e v e r a l  vendors  d e c l i n e d  t o  quo te  
a t  any l e v e l  below t h a t  of c a s t i n g ,  machining,  o r  welding.  

A rev iew of t h e  raw ( a s  r e c e i v e d )  d a t a  y i e l d e d  one 
overwhelmingly s i ~ i f i c a n t  f a c t .  The c o m e r c i a l  j o b b e r ' s  p r i c e s  were s i g n i f i -  
c a n t l y  lower t h a n  t h e  ae rospace  vendors  as e x p e c t e d ,  b u t  t h e  a p p a r e n t  r eason  
f o r  t h e  p r i c e  d i f f e r e n c e s  was s u r p r i s i n g .  The h o u r l y  d o l l a r  r a t e  charged f o r  
p e r f o m i n g  a  g iven  o p e r a t i o n  was f o r  a l l  p r a c t i c a l  purposes  a  c o n s t a n t  f o r  a l l  
vendors  c o n t a c t e d ,  bo th  ae rospace  and commercial, b u t  t h e  hours  e s t i m a t e d  t o  b e  
r e q u i r e d  t o  complete an  o p e r a t i o n  v a r i e d  wide ly  i n  d i r e c t  c o n t r a d i c t i o n  t o  t h e  
e x p e c t e d  r e s u l t ,  It appears  t h a t  csrmnercial vendors do n o t  f u l l y  unders tand  
t h e  l o s t  t i m e  i m p l i c a t i o n s  of t h e  q u a l i t y  c o n t r o l  r equ i rements  u s u a l l y  imposed 
upon a e r o s p a c e  hardware.  Also,  t h e s e  vendors  l a r g e l y  are unfami la r  w i t h  t h e  
d i f f i c u l t i e s  a s s o c i a t e d  w i t h  machining t h e  h i g h e r  s t r e n g t h  m a t e r i a l s  t y p i c a l l y  
used i n  r o c k e t  eng ine  turbopumps, 

The over%~helming conc lus ion  is  t h a t  a l a r g e  body of  
t h e  d a t a  c o l l e c t e d  d u r i n g  t h e  c o u r s e  s f  t h i s  s t u d y  w a s  n o t  u s e f u l  i n  d e t e m i n -  
i n g  cos t  optimun requ i rements ,  F u r t h e r ,  d a t a  i n t e r p r e t a t i o n  was n e c e s s a r i l y  
limited, f o r  t h e  most  part, t o  t h a t  ob ta ined  from the  t y p i c a l  aerospace vendors ,  
R e s t r i c t e d  use o f  the  eomercial  vendor data w a s  made where subeemponents could  
be fabr ica ted  from conventional s t r e n g t h  materials and qual$ty w a s  e a s l l y  eon- 
t r n l l * x !  to t h e  Ievel  z e q u i r e d  by r e l l a b i l l t y  ~rrn~slderatlions, As a cnnseqieence, 



the requ i rements  v e r s u s  c o s t  d a t a  were almost  e x c l u s i v e b v  d e r i v e d  from e s t i m a t e s  
s u p p l i e d  by a c c r e d i t e d  ae rospace  vendors  as well a s  A e r o j e k  h i s t o r i c a l  r e c o r d s ,  
S i g n i f i c a n t  f a b r i c a t i o n  o p e r a t i o n s  were redidhled. t o  fuel and o x i d l z e r  subcompo- 
n e n t ,  Cos t  v e r s u s  WPSHlsize d a t a  were evolved for s e v e r a l  r e p r e s e n t a t i v e  f u e l  
and o x i d i z e r  subcomponents. Turbopump u n i t  c o s t  v e r s u s  NPSH/size d a t a  a l s o  
were genera ted .  

Development test opera;ions c o s t s  a r e  n o t  s t r o n g l y  
dependent upon any requ i rements  o t h e r  than  s c h e d u l e  and r e l i a b i l i t y  f o r  t h e  
c l a s s  of machinery i n v e s t i g a t e d  i n  t h i s  s t u d y  where t h e  technology t o  e x e c u t e  
a s u c c e s s f u l  d e s i g n  c l e a r l y  e x i s t s ,  As i n  t h e  c a s e  of t h e  d e s i g n  o p e r a t i o n s ,  
t h e  r e l i a b i l i t y  l e v e l s  r e q u i r e d  t o  a s s u r e  t h a t  e s s e n t i a l l y  no f l i g h t  o r  m i s s i o n  
f a i l u r e s  can occur  d i c t a t e s  t h a t  on ly  t h e  most r i g o r o u s  development phi losophy 
be  used.  Again,  i t  i s  n o t  p o s s i b l e ,  w i t h i n  a  reasonab le  s c h e d u l a r  r e s t r a i n t  o f  
1 0  y e a r s  o r  l e s s ,  t o  a t t a i n  o r  demonstra te  t h e  r e q u i r e d  r e l i a b i l i t y  w i t h o u t  
u t i l i z i n g  t h e  f u l l  d e p t h  of every  known turbopump development t echn ique .  
Accordingly ,  o n l y  one development t e s t  p l a n  was fo rmula ted  and c o s t e d  a s  an 
implement f o r  de te rmin ing  o v e r - a l l  program c o s t ,  

( 2 )  P roduc t ion  Phase 

Design o p e r a t i o n s  d u r i n g  t h e  p roduc t ion  phase of a 
h i g h  r e l i a b i l i t y  r o c k e t  eng ine  turbopump must be l i m i t e d  t o  t h o s e  r e q u i r e d  f o r  
performance-or iented m o d i f i c a t i o n s  ( t o  s a t i s f y  changing eng ine  requ i rements )  
and t o  mechanical  f e a t u r e  m o d i f i c a t i o n s  ( t o  s a t i s f y  l i f e / r e l i a b i l i t y  r e q u i r e -  
ments under  u n a n t i c i p a t e d  f l i g h t  environments) .  Any r e d e s i g n  f o r  e a s e  of pro- 
d u c t i o n  would i n v a l i d a t e  t h e  r e s u l t s  of t h e  development/qualification program. 
There fore ,  p r o d u c t i o n  phase  d e s i g n  o p e r a t i o n s  a r e  n o t  a  d e f i n a b l e  f u n c t i o n  of 
d e s i g n  requ i rements  and c o s t  s t u d i e s  were l i m i t e d  t o  d e f i n i t i o n  of t h e  d e s i g n  
manpower r e q u i r e d  t o  make t h e  types  of m o d i f i c a t i o n s  i n d i c a t e d .  

I n  keeping w i t h  t h e  phi losophy t h a t  t h e  p r o d u c t i o n  
turbopumps must b e  i d e n t i c a l  t o  t h o s e  q u a l i f i e d ,  p roduc t ion  phase  f a b r i c a t i o n  
o p e r a t i o n s  were r e l a t e d  t o  d e s i g n  requ i rements  i n  e x a c t l y  t h e  same manner as  
development f a b r i c a t i o n  o p e r a t i o n s .  A l l  c o s t  e s t i m a t e s  were p repared  under t h e  
assumption of h i g h  volume produc t ion  and t h e  t o o l i n g  c o s t s  r e f l e c t e d  t h a t  
assumption,  P r o d u c t i o n  Lot s i z e s  l a r g e r  t h a n  40 t o  50 were n o t  s p e c i f i c a l L y  
i n v e s t i g a t e d  b u t  d i s c u s s i o n s  w i t h  c o n t r i b u t i n g  s u p p l i e r s  i n d i c a t e d  no s i g n i f i -  
c a n t  change i n  c o s t  would occur  w i t h i n  t h e  range from 50 t o  100 u n i t s .  Some 
s i g n i f i c a n t  a d d i t i o n a l  r e d u c t i o n  might occur  i n  t h e  range from 100 t o  1000 
u n i t s ,  b u t  i t  d i d  n o t  appear  t h a t  t h e  r e f e r e n c e  a p p l i c a t i o n  program would 
approach t h i s  number a t  t h e  t ime  t h e  e s t i m a t e s  were p repared ,  

P r o d u c t i ~ n  phase t e s t  o p e r a t i o n s  can be d i v i d e d  i n t o  
f i v e  s u b c a t e g o r i e s  and o p e r a t i o n s .  These a r e  subcomponent beve l  t e s t s  ( r o t o r  
proof s p i n  t e s t s  and hous ing  proof p r e s s u r e  t e s t s ) ,  component l e v e l  tests (pump 
c a l i b r a t i o n  and t r r rbine  c ;a l_ibra t ion) ,  turbopump level tests {accep tance  tests 
pest-test checkout, and pose-ces t  i n s p e c t i o ~ s ) ,  e n g i n e  l eve l  tests (engCne 
ac c eptcbrlce tes ts ,  p o s e - ~ e s t  daecli.o~a t , and pos t -  test, bnspecti~ns) , arsd s t a g e  
l ~ x ~ e l  tests ( f b L g k n t  rea;l-incc;r: C a s t e ,  pas t - tes t  chccko~af-, 1x9d pos t - t e s e  
i n s p e c t i  o n s j  , 



The Kl,LV Program ground rule requirements of eng ine  
a c c e p t a n c e  t e s t  a d  stage sca t i c  test f i r i n g  eliminated the  P a s t  two s&ea te -  
g o r i e s  from c o n s i d e r a t i o n ,  merefore, the optim~%rn method f o r  perfoming the 
p r o d u c t i o n  phase  test o p e r a t i o n s  is t h a t  coaibination of t h e  f i r s t  t h r e e  sub- 
c a t e g o r i e s  which w i l l  s u s t a i n  t h e  p e r f o m a n c e  and r e l i a b i l i t y  r e q u i r m e n t s  a t  
t h e  l o w e s t  c o s t ,  P a t  p r o g r a m  g e n e r a l l y  have u t i l i z e d  e lements  o f  a l l  t h r e e  
levels  of t e s t s  t o  a s s u r e  t h a t  t h e  requ i rements  were  m e t .  Consequently,  l i t t l e  
d a t a  e x i s t s  t o  s u p p o r t  t h e  e l i m i n a t i o n  o f  e n t i r e  s u b c a t e g o r i e s ,  However, t h e  
b u l k  o f  t h e  test c o s t  i s  i n c u r r e d  d u r i n g  t h e  turbopump level accep tance  t e s t s  
and checkout .  T h e r e f o r e ,  programs i n c l u d i n g  as w e l l  a s  o m i t t i n g  t h e s e  t e s t s  
were  s t u d i e d .  

It was found t h a t  a program p l a n  where in  t h e  fo rmal  
turbopump accep tance  tests are e l i m i n a t e d  a c t u a l l y  d e f e r s  t h e  mechanical  and 
performance checkout of t h e  turbomachinery u n t i l  t h e  eng ine  l e v e l  accep tance  
tests. T i t a n  and Gemini e n g i n e  p r o d u c t i o n  t e s t  p r o g r m  r e s u l t s  o f f e r  some 
e v i d e n c e  t h a t  such an  approach i s  f e a s i b l e .  The n e g l i g i b l y  low assembly e r r o r  
i n c i d e n c e  ach ieved  i n  t h o s e  programs v i r t u a l l y  e l i m i n a t e d  t h e  n e c e s s i t y  t o  
v e r i f y  t h e  turbopump mechanical  i n t e g r i t y  by a  h o t  f i r i n g  t e s t  of t h e  turbopump 
a l o n e .  However, t h e  h y d r a u l i c  and aerodynamic performance d a t a  o b t a i n e d  d u r i n g  
a  turbopump accep tance  test s e r v e s  a s  prime i n p u t  f o r  t h e  i n i t i a l  eng ine  t r i m  
o r  c a l i b r a t i o n .  Attempts t o  t r i m  t h e  eng ine  based upon nominal turbopump per -  
formance l e v e l s  o f t e n  r e s u l t e d  i n  u n a c c e p t a b l e  t h r u s t  o r  m i x t u r e  r a t i o  condi- 
t i o n s .  The v a r i a t i o n s  i n  turbopun~p h y d r a u l i c  and aerodynamic p e r f o m a n c e  which 
must b e  accounted f o r  i n  t h e  e n g i n e  t r i m  a r e  r e l a t e d  t o  t h e  subcomponent d e s i g n  
requ i rements .  This. dependency of accep tance  t e s t  and e n g i n e  t r i m  r equ i rements  
upon subcomponent d e s i g n  requ i rements  was n o t  recognized e a r l y  enough i n  t h e  
s t u d y .  T h e r e f o r e ,  o n l y  minimal u s e f u l  d a t a  were o b t a i n e d  a t  t h e  more s t r i n g e n t  
requ i rements  t h a t  a r e  n e c e s s a r y  t o  reduce component performance s c a t t e r  t o  a  
l e v e l  which would a l l o w  i n i t i a l  e n g i n e  t L i m  t o  b e  made a c c u r a t e l y  w i t h o u t  f i r s t  
c a l i b r a t i n g  (accep tance  t e s t  f i r i n g )  t h e  turbopump. The subcomponent c o s t  d a t a  
g e n e r a t e d  can b e  e x t r a p o l a t e d  t o  more s t r i n g e n t  requirement  levels b u t  t h e  p e r -  
formance a n a l y s i s  was n o t  extended over  a s u f f i c i e n t  r ange  t o  a l l o w  d e f i n i t i o n  
of requ i rements  l e v e l s  where c a l i b r a t i o n  would n o t  b e  needed, For t h e  purposes  
o f  deve lop ing  t h e  s t u d y  o b j e c t i v e  o f  c o s t  o p t i m i z a t i o n  methodology, i t  was 
assumed t h a t  t h e  most s t r i n g e n t  r e q u i r e m e n t / p e r f o m a n c e  levels s t u d i e d  c o r r e -  
sponded t o  t h e  l e v e l  where c a l i b r a t i o n  can be e l i m i n a t e d .  T h i s  approach merely 
serves t o  i l l u s t r a t e  t h e  t e c h n i q u e  which would b e  used i n  an a c t u a l  p r o d u c t i o n  
program. 

The c o s t  of t h e  p roduc t ion  phase  test o p e r a t i o n s  f o r  
t he  program a l t e r n a t i v e  d e s c r i b e d  above would b e  reduced from t h e  b a s e  c a s e  
program by t h e  e n t i r e  tumrbopuw accep tance  t e s t  manpower c o s t s  a s  w e l l  as t h e  
p r o p e l l a n t  c o s t s  f o r  the  SO uni t -per-year  productdon rate,  The h i g h e r  produc- 
t i o n  rate a l t e r n a t i v e s  would r e s u l t  i n  those same s a v i n g s  p l u s  t h e  a d d i t i o n a l  
f a c i l i t y  a c t i v a t i o n  ses t savings, 

The kieLd maintenance aperatdons re la ted  t o  tu rbo-  
puxpr; r j o ~ ~ a a l l y  are limited t o  p k r i o d f c  peal  checks ,  perkodic  r o t o r  t o r q w  



checks ,  i n t e r f a c e  s t a t i c  s e a l  r e p l a c a e n t ,  and turbopump removal as well as 
replacement  i n  t h e  eng ine .  These o p e r a t i o n s  a r e  performed t o  a s s e s s  and pro- 
v i d e  any n e c e s s a r y  remedies f o r  t h e  mechanical  integrity o r  t h e  p e r f o m a n c e  
( i n  t e r n s  of l o s t  p r o p e l l a n t )  of t h e  sys tem,  En t h e  s u b j e c t  s t u d y ,  no  way was 
found by which t h e  c o s t  of t h e  mechanical  i n t e g r i t y  ( t o r q u e )  checks o r  r e s u l t -  
i n g  replacement  o p e r a t i o n s  could  be  t r a d e d  w i t h  d e s i g n  requirement  v a r i a t i o n s .  
However, t h e  s e a l  checking c o s t s  can be  weighed a g a i n s t  l eakage  requ i rements  
v a r i a t i o n s  a t  two t e c h n o l o g i c a l  l e v e l s ;  a l l  s e a l s  can b e  checked o r  t h o s e  
which a r e  a c t u a l l y  c o n t r o l l e d  l eakage  d e v i c e s  ( i . e . ,  l a b y r i n t h s )  can be  
excluded from t h e  check.  S e a l s  a r e  s u b j e c t  t o  h a n d l i n g / s h i p p i n g  damage w h i l e  
l a b y r i n t h s  a r e  n o t .  There  i s  an obvious c o s t  d i f f e r e n c e  f o r  f i e l d  s e r v i c i n g  
t h e  two t y p e s  o f  machines.  Ti tanIGemini  r e c o r d s  show t h a t  93 manhours-per- 
seal -per-check were expended, upon appor t ioned  h i s t o r i c a l  f i e l d  s e r v i c e  c o s t s ,  
and on ly  two hours -per - sea l  were  r e q u i r e d ,  based upon appor t ioned  h i s t o r i c a l  
p o s t - f i r e  i n s p e c t i o n  c o s t s  a t  t h e  e n g i n e  c o n t r a c t o r ' s  f a c i l i t y .  The l a r g e  
d i s c r e p a n c y  between t h e  two can b e  p a r t i a l l y  a t t r i b u t e d  t o  t h e  i n c r e a s e d  com- 
p l e x i t y  of performing t h e  check i n  t h e  e n g i n e  and s t a g e ,  b u t  t h e  major d i f f e r -  
ence a p p e a r s  t o  r e s u l t  from t h e  need t o  m a i n t a i n  t h e  checking c a p a b i l i t y  d u r i n g  
p e r i o d s  of i n a c t i v i t y .  

b .  Design Requirements Versus Component Performance 

The b a s e  c a s e  component arrangement of s e r i e s  f low t u r -  
b i n e s  and t h e  turbopump c o n f i g u r a t i o n s  of s i n g l e - s t a g e  c e n t r i f u g a l  pumps, two- 
s t a g e  a x i a l  f low t u r b i n e ,  and s i n g l e - s t a g e  a x i a l  f low LOX t u r b i n e  s t r o n g l y  
i n f l u e n c e  t h e  r e l a t i v e  worth  of f u e l  turbopump v e r s u s  LOX turbopump subcompo- 
n e n t  performance i n  terms of eng ine  s p e c i f i c  impulse  degrada t ion  through t h e i r  
e f f e c t  upon gas g e n e r a t o r  o r  t u r b i n e  f low r a t e .  I d e a l l y ,  t h e  minimum t u r b i n e  
f low r a t e  would occur  when f u e l  and LOX turbopump component performances a r e  
ba lanced  i n  a  way t h a t  t h e  r e q u i r e d  f u e l  and LOX t u r b i n e  f low r a t e s  a r e  e x a c t l y  
e q u a l  a t  t h e  optimum t u r b i n e  p r e s s u r e  r a t i o  d i v i s i o n .  I n  p r a c t i c e ,  component 
performance v a r i a t i o n s  from t h e  nominal r e q u i r e  t h a t  one turbopump performance 
be  b i a s e d  such t h a t  t h e  t u r b i n e  p r e s s u r e  r a t i o  s p l i t  can be v a r i e d  t o  a d j u s t  
t h e  i n p u t  power b a l a n c e .  U s u a l l y ,  t h i s  i s  accomplished by e i t h e r  by-passing 
some of t h e  t u r b i n e  f l o w  around t h e  h i g h e s t  performance system o r  by adding a 
c o n t r o l  p r e s s u r e  drop between t h e  t u r b i n e s .  The b a s e  c a s e  des igns  a r e  such 
t h a t  t h e  f u e l  turbopump e s t a b l i s h e s  t h e  t u r b i n e  flow r a t e  requirement  a t  a  
v a l u e  5% t o  10% h i g h e r  t h a n  t h a t  r e q u i r e d  by t h e  LOX t u r b i n e  t o  a l low f o r  t h e  
c o n t r o l  p r e s s u r e  drop.  

The r e l a t i v e  eng ine  performance (I ) d e g r a d a t i o n  c o n t r i -  SP 
b u t i o n  of f u e l  and o x i d i z e r  turbopumps i s ,  t h e r e f o r e ,  a complex f u n c t i o n  of 
t u r b i n e  p r e s s u r e  r a t i o  and flow r a t e .  The problem can b e  s i m p l i f i e d  t o  a  man- 
a g e a b l e  l e v e l  by u s i n g  t h e  fo l lowing  assumptions  : 

- S i m i l a r  per fomance  changes can be  made s i rnul tane-  
ous1.y in bo th  t u e b  and i,OX torbspumps, 



- Such changes will always be made in the s m e  
(either h p r s v i n g  o r  degrad ing  p e r f o m a c e )  
d i r e c t i o n ,  

- P e r f o m a n c e  improvements o r  d e g r a d a t i o n s  of f u e l  
and LOX turbopump alternatives a r e  e q u a l  i n  
t e r n  of  t h e  t u r b i n e  f low rate e f f e c t  upon 
s p e c i f i c  impulse ,  

It is recognized  t h a t  t h e s e  assumptions  are n o t  n e c e s s a r i l y  v a l i d ,  b u t  a com- 
p r e h e n s i v e  sys tems a n a l y s i s  d e f i n i n g  t h e  a c t u a l  r e l a t i v e  we igh t ing  f a c t o r s  was 
beyond t h e  s c o p e  of t h e  s t u d y ,  Thus,  t h e s e  assumptions al lowed d e f i n i t i o n  of 
t h e  c o s t  o p t i m i z a t i o n  methodology t o  proceed.  A more r i g o r o u s  systems a n a l y s i s  
would be  r e q u i r e d  f o r  any f u t u r e  program u s i n g  t h e  methodology developed h e r e .  

The above reason ing  allowed d e t e r m i n a t i o n  of t h e  e f f e c t  
of d e s i g n  requ i rements  v a r i a t i o n s  upon component performance t o  proceed a lmost  
independen t ly  f o r  t h e  f u e l  and LOX turbopump subcomponents. I t  was n o t  neces- 
s a r y  t o  s e l e c t  complete propel . lant  f e e d  sys tem l e v e l  a l t e r n a t i v e s  f o r  s t u d y .  

In t h e  c a s e  of t h e  pumps, d imensional  v a r i a t i o n s  up t o  
and i n  e x c e s s  of commonly s p e c i f i e d  t o l e r a n c e  bands were  i n v e s t i g a t e d  t o  d e t e r -  
mine t h e  r e s u l t i n g  e f f e c t s  upon o v e r - a l l  pump e f f i c i e n c y  and head rise. The 
s u r f a c e  q u a l i t y  o r  s u r f a c e  f i n i s h  o f  impor tan t  f low passages  was v a r i e d  o v e r  a 
wide range t o  a s s e s s  f r i c t i o n  l o s s e s  and r e s u l t i n g  e f f e c t s  upon pump p e r f o r -  
mance. These e f f e c t s  were  i n v e s t i g a t e d  f o r  both  t h e  o x i d i z e r  and f u e l  pump 
because  of t h e  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  concept  and method of f a b r i c a t i o n  
between t h e s e  pumps. 

The LOX and f u e l  t u r b i n e  d e s i g n s  were  e v a l u a t e d  t o  d e t e r -  
mine t h e  e f f e c t s  of mechanical  d e s i g n  requ i rements  upon t h e  gas  f low r a t e  
needed. S u r f a c e  f i n i s h  and d imens iona l  c o n t r o l  of t h e  f low passages  were  
v a r i e d  o v e r  a wide range  t o  o b t a i n  performance e f f e c t s .  The d e s i g n  speed of 
t h e  t u r b i n e s  was v a r i e d  by a r a t i o  exceeding 2 t o  accommodate a c o n s t a n t  pump 
s u c t i o n  s p e c i f i c  speed,  The r e s u l t i n g  changes i n  t i p  d i a m e t e r ,  b l a d e  h e i g h t ,  
and gas  f low r a t e  a r e  noteworthy.  E f f e c t s  were i n v e s t i g a t e d  f o r  both  LOX and 
f u e l  t u r b i n e s  because  t h e y  a r e  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  i n  concep t ,  

The LOX and f u e l  turbopump d e s i g n s  t h e n  were  e v a l u a t e d  
t o  de te rmine  t h e  e f f e c t  of NPSH upon turbopump weigh t ,  D e t a i l e d  weight  e s t i -  
mates were p r e p a r e d  f o r  t h r e e  l e v e l s  of r e q u i r e d  NgSH f o r  b o t h  t h e  LOX and 
f u e l  turbopumps. 

e ,  Component Per fomance  Versus Engdne P e r f o m a n s e  

mile all of the data  d fscussed  can readily be  used t o  
re%abe mechanical des ign  requtrements and cast  v a ~ f a t i o n s  t o  performance i n  
terns of tlarkslne f low r a t e  o r  bleed r a t i o ,  i t  was s t i l J  necessary t o  relate 
t u rb ine  f low rsie to eaglne perfcrmawicc, The basic: engine data  used  in t he  
study we-re: 



Engine Vacuum TEsrust - 300,000 lb 

Thrus t  C i t abe r  Pressure  - 1200 p s i a  

Engine Mixture  R a t i o  - 5.0 

Nozzle Area R a t i o  - 50 

For series f low t u r b i n e s  w i t h  t h e  f u e l  t u r b i n e  p r e c e d i n g  
t h e  o x i d i z e r  t u r b i n e ,  t h e  fo l lowing  nominal d a t a  were  used: 

I n l e t  P r e s s u r e ,  p s i a  
E x i t  P r e s s u r e ,  p s i a  

I n  a d d i t i o n  t o  t h e  nominal p o i n t  i n v e s t i g a t i o n ,  t h e  t u r -  
b i n e  f low r a t e  was v a r i e d  a r b i t r a r i l y  t o  de te rmine  t h e  e f f e c t  upon e n g i n e  per-  
formance. The r e s u l t s  of t h i s  a n a l y s i s  show t h a t  t h e  r e d u c t i o n  i n  eng ine  
s p e c i f i c  impulse  w i t h  i n c r e a s i n g  t u r b i n e  f low r a t e  i s  caused by two major  fac -  
t o r s .  I n c r e a s i n g  t h e  t u r b i n e  flow r a t e  causes  i n c r e a s e s  i n  t h e  t h r u s t  chamber 
mix ture  r a t i o  which r e s u l t  i n  reduced t h e o r e t i c a l  s p e c i f i c  impulse.  T h i s  l o s s  
is  i n  a d d i t i o n  t o  t h e  l o s s  a s s o c i a t e d  w i t h  dumping a  h i g h e r  pe rcen tage  of t h e  
e n g i n e  f low i n e f f i c i e n t l y  overboard through a  t u r b i n e  exhaust  nozz le .  

Fue l  t u r b i n e  i n l e t  t empera tu res  of 1960°F and 2460°R 
a l s o  were i n v e s t i g a t e d ,  O x i d i z e r  t u r b i n e  i n l e t  t empera tu res  were c a l c u l a t e d  
assuming a c o n s t a n t  f u e l  t u r b i n e  p r e s s u r e  r a t i o ,  The nominal t u r b i n e  f low 
requ i rement  f o r  t h e  i n c r e a s e d  i n l e t  t empera tu res  was a d j u s t e d  a c c o r d i n g l y  f o r  
t h e  h i g h e r  energy d r i v e  f l u i d .  Also ,  t h e  e f f e c t  of v a r i a t i o n s  i n  t h i s  t u r b i n e  
f low r a t e  upon nominal eng ine  performance was determined. For f i x e d  p r e s s u r e  
r a t i o  t u r b i n e s  w i t h  c o n s t a n t  e f f i c i e n c i e s ,  i n c r e a s i n g  t h e  t u r b i n e  i n l e t  tem- 
p e r a t u r e  r e s u l t s  i n  reduced t u r b i n e  weight  f low requ i rements  and hence ,  h i g h e r  
eng ine  s p e c i f i c  impulse .  

The d a t a  g e n e r a t e d  t h e n  were u t i l i z e d  i n  c o n j u n c t i o n  w i t h  
turbopump performance c a l c u l a t i o n s  t o  f o r m u l a t e  t h e  eng ine  s p e c i f i c  impulse  
i n f l u e n c e  c o e f f i c i e n t s  shown below. It s h o u l d  b e  no ted  t h a t  on ly  t h e  t u r b i n e  
f l o w  r a t e  and t u r b i n e  i n l e t  t empera tu re  c o e f f i c i e n t s  a r e  independent p a r t i a l  
d e r i v i t i e s ,  Also ,  t h e  pump and t u r b i n e  e f f i c i e n c y  c o e f f i c i e n t s  a r e  d e r i v e d  
from t h e  f low r a t e  coe f f i c i en t  and l i n e a r i z e d  b a s e  c a s e  turbopump performance 
curves, 



Turbine P l w  R a k e  0,296 s e e /  l b f s e c  

Pump Ef f i c i ency  
Turbine Ef f i c i ency  

d. Component P e r f o m n c e  Versus O v e r 4 1 1  Cost 

The t h i r d  and f i n a l  major segment requi red  i n  developing 
the  c o s t  op t imiza t ion  methodolow was the  r e l a t i o n s h i p  bekween component per- 
formance and over -a l l  c o s t s ,  The Boeing Company had r e c e n t l y  completed a  
major c o s t  versus pe r fomance  s tudy (Contract  NAS 2-5056) f o r  t h e  referenced 
MMLV missions and t h e  publ i shed  d a t a  were u t i l i z e d  i n  t h e  Low Cost Turbopump 
Study because of t h e  a p p l i c a b i l i t y  of t he  MMLV mission requirements.  However, 
i n  any f u t u r e  program wherein the  opt imiza t ion  methodology developed h e r e i n  i s  
used f o r  a  d i f f e r e n t  mission,  i t  w i l l  be necessary t o  conduct mission l e v e l  
s t u d i e s  t o  de f ine  the  c o s t  versus  performance r e l a t i o n s h i p s  i n  a manner s i m i l a r  
t o  t h a t  done f o r  t h e  mission considered i n  t h i s  s tudy.  While i t  i s  recognized 
t h a t  ex t ens ive  over -a l l  c o s t  s t u d i e s  of t h i s  type r ep re sen t  s i g n i f i c a n t  expen- 
d i t u r e s  i n  both time and money, no reasonable a l t e r n a t i v e  t o  t h i s  procedure 
now e x i s t s .  

e .  Fixed Costs 

A l l  development and product ion phase design cos t s  can be  
considered t o  be  f i x e d  f o r  any p a r t i c u l a r  schedule requirement because of t h e i r  
i n s e n s i t i v i t y  t o  design requirements a t  t h e  per fomance  and r e l i a b i l i t y  l e v e l s  
of i n t e r e s t .  However, f o r  t h e  purposes of t h i s  s tudy ,  they were considered a  
v a r i a b l e  func t ion  of t he  turbopump q u a l i f i c a t i o n  schedule.  

A l l  f a b r i c a t i o n  and assembly f a c i l i t i e s  cos t s  ( i .  e . ,  
machine t o o l s ,  assembly c lean  room, p a r t  s t o r a g e ,  p a r t  c leaning ,  p a r t  balanc- 
i n g ,  and proof t e s t )  a s  w e l l  as f a c i l i t i e s  and maintenance c o s t s  a r e  considered 
t o  be  f i x e d .  They a r e  n o t  included i n  t h e  d a t a  shorn f o r  t h i s  s tudy ,  except  a s  
they in f luence  app l i cab le  overhead r a t e s ,  Spec ia l  f a b r i c a t i o n  t o o l  c o s t s  a r e  
considered t o  be  var iab le  func t ions  of the requirements ,  bu t  gene ra l ly ,  no 
v a r i a t i o n  i n  cos t  was noted  over t h e  r m g e  of requirements i nves t iga t ed .  

T e s t  f a c i l i t i e s  cons t ruc t ion  c o s t s  a r e  considered t o  be 
f i x e d  and were no t  included i n  t h e  s tudy ,  F a c i l i t i e s  a c t i v a t i o n  c o s t s  a r e  
v a r i a b l e  func t ions  s f  schedular  requirements in t h a t  they a r e  dependent upon 
the  number of f a c i l i t i e s  r equ i r ing  a c t i v a t i o n ,  



The technique used i n  Task 1 t o  quan t i fy  t h e  r e l a t i o n s h i p  of  
requirements  t o  turbopump cos t  parameters ,  v e h i c l e  cos t  p a r m e t e r s ,  turbopump 
c o s t ,  v e h i c l e  c o s t ,  and over -a l l  nonrecur r ing  c o s t  i s  d iges t ed  below: 

: E s t a b l i s h  veh ic l e l eng ine  design requirements "base va lues .  " 

: S e l e c t  turbopump "base" con f igu ra t i on .  

: Categorize turbopump des ign  requirements.  

S tep  4: Es t ab l i sh  turbopump "base" va lue  design requirements.  

: E s t a b l i s h  t h e  v a r i a t i o n  of turbcpump design requirements.  

S tep  6: Determine turbopump c o s t  parameters  ( i . e , ,  manhours) a s  a  func t ion  
of design requirements i nc lud ing  a l l  turbopump cos t -cont r ibu t ing  
opera t ions  ( i .  e. , p a r t  f a b r i c a t i o n ,  assembly, and i n s p e c t i o n ) .  

: Prepare g raph ica l  d i s p l a y s  of each major turbopump c o s t  parameter 
f o r  each turbopump des ign  requirement in f luenc ing  t h e  cos t .  

: Determine t h e  l i n e a r  c o s t  func t ion  of cos t  versus  hour ly  manhours 
and s a l a r y  manhours f o r  var ious  turbopump opera t ions  a c t i v i t i e s .  

: Determine turbopump ope ra t i on  c o s t  f o r  each turbopump des ign  requi re -  
ment by applying t h e  l i n e a r  c o s t  func t ion  t o  c o s t  parameters .  

: Prepare g raph ica l  d i s p l a y s  i l l u s t r a t i n g  t h e  i n f luence  of des ign  
requirements upon subcomponent and component performance. 

: Determine t h e  e f f e c t  of component performance upon engine performance. 

: Define t he  l z n e a r  e f f e c t  of engine weight and performance upon over- 
a l l  program c o s t s ,  

: E s t a b l i s h  turbopump f u n c t i o n a l  assembly l e v e l  a l t e r n a t i v e  requi re -  
ments groups and t a b u l a t e  c o s t  a s  w e l l  a s  performance i n  terms of 
engine Isp v a r i a t i o n .  

: Tabulate  ove r - a l l  c o s t  ve r sus  requirements groups. 

: S e l e c t  c o s t  optimum requirements  group. 

: S e l e c t c o s t  optimum subcomponent requirements from functional 
assembly 7 eve1 group ing ,  



B, TASK $1 - E W I N W T Z O N  OF COST-CONr*mIBmING OPEMTIONS 

Task P I  also was d iv ided  i n t o  four  subtasks-  The eecknologfeal 
level of cost-contributing operations was exmined, followed by an exmination 
of the types of operations. Next, the most significant operations in terns 
of program costs were selected and alternative operations were evaluated. 
Finally, the operations for technology development were selected. All but the 
%ask of these subtasks were conducted in conjunction with the identification 
and categorization of the cost-contributing operations and the ascertaining 
of the relationship of variations in design requirements to cost-contributing 
operations, turbopmp/vehicle costs, and over-all costs in Task I. The results 
of these subtask efforts are summarized on Table 111, which provides a clear 
picture of what cost-contributing operations categories are responsible for 
the major turbopump costs. As would be expected in any high production 
program, the production phase fabrication and turbopump level test operations 
costs completely overshadow all others. In research and development type 
programs with relatively few launches or vehicles with a minimal nhlmber of 
engine modules, increased importance is placed upon the development phase 
operations. 

Consequently, the Task II effort was directed toward investigating 
alternative fabrication and test technological levels as well as types that 
would be applicable to either development or production phase operations. 
Little reduction in feabrication costs is available from changes in the techno- 
logical bevel because "comercial" technology either is not able to sustain 
even the minimum requirements postulated or the "comercial" costs are identical 
to the "aerospace" costs. However, the types of operations offer significant 
potential for fabrication cost savings. The technology needed to obtain these 
savings currently is available and should be utilized in future programs. 

The investigators were unable to define alternative test opere- 
tions &echnobog%es which would pemit turbopump calibration to satisfy engine 
balance requirements, 'Phis resulted largely because of the extensive facili- 
ties required merely to operate a large turbopump, If engine balance require- 
ments can be relaxed sufficiently or if the turbopump perfomance variations 
from unit to unit can be minimized, the type of testing can be changed from 
hot firings to either air flow tests or even be completely eliminated, 

Thus, the sole result of the Task I$ effort is the recowmendation 
that the possibility of eliminating the turbopump calibration/aecepbawce tests 
be eliminated, especially for production phase operations. 







T
A
B
L
E
 
1
1
1
.
 -
 T
EC
iI
XO
ii
lC
IC
Ai
 I

-!-
',;E

L.
 
?:.ID 

SI
GN
IF
IC
.4
YC
E 

OF
 

C
O

ST
-C

L
!?

;T
R

~U
U

T
I?

;(
. 

O
PE

R
'lI

'1
O

:I
S 

(c
on
t.
) 

D
E
V
E
L
O
P
M
E
N
T
 T
E
S
T
 O
PE
FL
AT
IO
NS
 
(c
on
t.
) 

2.
 

C
o
m
p
o
n
e
n
t
 T
e
s
t
s
 
(
S
u
b
a
s
s
e
m
b
l
y
 L
e
v
e
l
)
 

a
,
 
P
u
m
p
 P
e
r
f
o
r
m
a
n
c
e
 E
v
a
l
u
a
t
i
o
n
 

b.
 

Po
we
l-
 T
r
a
n
s
m
i
s
s
i
o
n
 P
e
r
f
o
r
m
a
n
c
e
 E
v
a
l
u
a
t
i
o
n
 

c:,
 

T
u
r
b
i
n
e
 P
e
r
f
o
r
m
a
n
c
e
 E
v
a
l
u
a
t
i
o
n
 

3,
 

T
u
r
b
o
p
u
m
p
 D
e
v
e
l
o
p
m
e
n
t
 T
e
s
t
s
 

a
,
 
P
e
r
f
o
r
m
a
n
c
e
 E
v
a
l
u
a
t
i
o
n
 

b
, 

L
i
f
e
/
R
e
l
.
i
a
b
i
l
i
t
y
 E
v
a
l
u
a
t
i
o
n
 

c.
 

M
a
i
f
u
n
c
t
i
o
n
 
S
u
r
v
i
v
a
l
 E
v
a
l
u
a
t
i
o
n
 

4
. 

Tu
rb
op
ix
mp
 A
c
c
e
p
t
a
n
c
e
 T
e
s
t
s
 
(
F
o
r
 R
&D
 
E
n
g
i
n
e
s
)
 

P
R
O
D
U
C
T
I
O
N
 P
H
A
S
E
 

D
E
S
I
G
N
 O
PE
Rc
lT
IO
Iq
S 

I
,
 
P
e
r
f
o
r
m
a
n
c
e
 X
o
d
i
f
i
c
a
t
i
o
n
s
 

2.
 

M
e
c
h
a
n
i
c
a
l
 M
o
d
i
f
i
c
a
t
i
o
n
s
 

P
R
O
D
U
C
T
I
O
N
 F
A
B
R
I
C
A
T
I
O
N
 
O
P
E
R
A
T
I
O
N
S
 

1.
 

P
r
o
c
u
r
e
m
e
n
t
 P
r
o
c
e
s
s
i
n
g
/
P
L
a
n
n
i
n
g
 

2.
 

T
o
o
l
i
n
g
 F
a
b
r
i
c
a
t
i
o
n
 

3.
 

R
a
w
s
t
o
c
k
 
P
r
o
c
u
r
e
m
e
n
t
 

4
, 

C
a
s
t
i
n
g
 o
r
 
F
o
r
g
i
n
g
 

5.
 

Xa
ci
ii
ni
ng
 

6
. 

W
e
l
d
i
n
g
 

7 
S
u
b
a
s
s
e
m
b
l
y
 

8
. 

A
s
s
e
m
b
l
y
 

9.
 

F
i
n
a
l
 (

i.
ss

em
b

ly
 
(
E
n
g
i
n
e
)
 

Te
ch
il
ol
og
 

B
a
s
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

A
e
r
o
s
p
a
c
e
 

c
a
l
 L
e
v
e
l
 

A
l
t
e
r
n
a
t
j
v
e
 

C
o
m
m
e
r
c
i
a
l
 

C
o
m
m
e
r
c
i
a
l
 

C
o
m
m
e
r
c
i
a
l
 

N
o
n
e
 

N
o
n
e
 

N
o
n
e
 

C
o
m
m
e
r
c
i
a
l
 

N
o
n
e
 

N
o
n
e
 

C
o
m
m
e
r
c
i
a
l
 

T
y
p
e
 

B
a
s
e
 

S
i
m
u
l
a
n
t
 P
u
m
p
i
n
g
 T
e
s
t
s
 

R
a
t
a
t
i
n
g
 
P
r
o
p
e
l
l
a
n
t
 

D
y
n
a
m
o
m
e
t
e
r
 

H
o
t
 
F
i
r
i
n
g
s
 

H
o
t
 
F
i
r
i
n
g
s
 

H
o
t
 
F
i
r
i
n
g
s
 

H
o
t
 
F
i
r
i
n
g
s
 

S
o
t
 A
p
p
Z
i
c
a
b
l
e
 

No
t 
A
p
p
l
i
c
a
b
l
e
 

S
i
g
n
i
f
i
c
a
n
c
e
 

E
l
i
m
i
n
a
t
e
 

E
l
i
m
i
n
a
t
e
 

E
l
i
m
i
n
a
t
e
 

S
e
e
 D
e
t
a
i
l
e
d
 P
a
r
t
 b
y 

P
a
r
t
 D
i
s
c
u
s
s
i
o
n
 i
n
 
S
e
c
t
i
o
n
 
I
I
I
,
A
,
 A
p
p
e
n
d
i
c
e
s
 
H 
a
n
d
 
I
,
 a
nd
 

1
1
 t
h
r
o
u
g
h
 :
io
. 

62
. 

R
e
q
u
i
r
e
s
 

T
e
c
h
n
o
l
o
g
y
 

D
e
v
e
l
o
p
m
e
n
t
 

Y
es

 

N
o
 

Y
e
s
 

S
e
l
e
c
t
e
d
 
Pa
r:
 

O
p
e
r
a
t
i
o
n
s
 



T
A

B
L

E
 
1
1
1
.
-
 T

E
C

H
N

O
L

O
G

IC
A

L
 

L
E

V
E

L
 

A
N

D
 

S
IG

N
IF

IC
A

JC
E

 
O

F 
L

O
S

T
-C

O
R

T
R

Ii
3U

T
IX

G
 

O
P

E
R

A
T

IO
N

S
 

(c
o

n
t.

) 

W
 

t-' 



T
A

B
L

E
 
1
1
1
. 
- 

TE
CI

I:!
O

LO
G

IC
;iL

 
LE

VE
L 

X
K

D
 
Si
GS
LF
IJ
.L
UC
E 
C
F
 L

'9
ST

-C
O

X
T

R
Id

C
T

L
?i

c 
O
P
E
R
A
L
I
O
N
S
 

(c
o

n
t.

) 



C e  TASK 111 - GQMCEP'X2Ja DESIGN 

1. 
Trade-offs 

The mission, vehicle, and engine trade-off studies, together 
with the detailed subcomponent analyses and optimizations form integral parts 
of the conceptual design. A half-size version of an Advanced Multipurpose 
Large Launch Vehicle (AMLLV) with a payload capability to low earth orbit of 
500,000 lb was selected as a representative reference design case to serve as 
the basis for optimization. This resulted in the following definition of 
design characteristics: 

Pump Pressure Rise 

Pump Flow Rate 

Turbine Inlet Pressure 

Turbine Inlet Temperature 

Qualitative consideration of the mission/vehicle interactions 
revealed a strQng dependency upon aerodynamic and hydraulic performance of 
both the turbine and pump. The weight and length of the turbopump became some- 
what secondary effects. It was found that the basic, separate turbopump con- 
figurations which best served as a basis for generating performance character- 
istics and investigating mechanical design constraints while offering a 
reasonable compromise between performance and weight effects incorporated over- 
hung centrifugal pumps. The fuel pump would be driven by a two-row, Curtis, 
staged, overhung turbine operating in series with a single-stage oxidizer 
impulse turbine, 

The conceptual designs of machines of this type were com- 
pleted in sufficient depth to demonstrate the cost optimization methodology, 
Additionally, supporting optimization studies were completed which served t o  
either confirm the basic configuration tentatively selected or permitted modi- 
fication of the initial configuration to evolve an optimum turbopump for the 
reference engine. 

CsntractuaLly negotiated fund ing  res t ra in t s  p rec luded  t h e  
accomp%ishment sf d e t a i l e d  turbopump op t im iza t i ons  and mechanical d e s i g n ,  
However, p l a n s  detailing such optimization were completed, 




